Introduction
Eustoma grandiflorum (Raf.) Shinn. is very popular as an ornamental cut flower crop in Japan. It is likely to become one of the most sought-after cut flowers in future because of the rich variety of flower colors and shapes, and the long vase life of cut flowers.
Seedlings of Eustoma cultivars form a rosette when the seeds are sown in late spring and summer, and these rosette-forming plants do not bloom. The main factor inducing rosette formation is found to be high temperatures above 25-28°C experienced in the period from sowing to the developmental stage of two leaf pairs (Azuma and Inubushi, 1988; Harbaugh et al., 1992; Ohkawa et al., 1991) . Some useful techniques for avoiding high temperatures when raising seedlings have been developed: all-night cooling at 10-15°C (Kobayashi and Kondo, 1990) ; all-day artificial cooling at 25°C during the day and 15°C at night (Azuma and Inubushi, 1988; Kobayashi and Tanigawa, 1995) ; artificial cooling at 10-12°C of rosette seedlings in a cool-store with irradiation (Ohkawa et al., 1996; Takeda, 1995) ; and artificial cooling at 10-12°C of imbibed seeds (Tanigawa et al., 2002) . The success of these cultivation methods has enabled the year-round production of cut flowers of Eustoma cultivars.
Most cultivars of Eustoma raised in recent years are classified as quantitative long-day plants (Islam et al., 2005; Ohkawa, 2003; Yamada et al., 2006; Zaccai and Edri, 2002) . In seedlings planted from June to August, as flower bud formation and flower budding are promoted by long days, stem elongation is reduced under a high temperature and high irradiation regime in warm western regions in Japan. Currently, short-day treatment, by covering plants with a light-impeding material in a plastic tunnel, is applied manually everyday to delay flower bud formation and subsequently to increase the number of nodes of the main stem in northeastern regions or cool upland areas; however, the labor force to cover the plants is unavailable and the temperature in the plastic tunnel rises over 40°C in warm western regions. Consequently, cut flower quality, such as cut flower length, number of lateral branches, and number of flower buds, is adversely affected for shipping in September and early October.
We reported that night-break treatment using a daylight-type fluorescent lamp with a R:FR (R; 660 ± 30 nm, FR; 730 ± 30 nm) ratio of 5.0 increased the number of nodes on the main stem and delayed flowering of Eustoma plants for winter and spring shipping (Yamada et al., 2008) . This result indicates that longday treatment using specific light sources with a high R:FR ratio may delay flower bud formation and increase the number of nodes on the main stem under a long-day growing season with less effort compared to current methods. For practical application of these lighting techniques, we must identify a useful light source and develop effective methods for applying long-day treatment to Eustoma plants. The aim of the present study was to investigate methods of long-day treatment and to improve cut flower quality for early-autumn shipping of Eustoma cultivars.
Materials and Methods

Method of raising seedlings
In the following three experiments, seeds of Eustoma cultivars were sown in plastic germination trays with 288 cells (21 mL/cell) filled with Metro-mix 350 (Sun Gro Horticulture Distribution Inc., USA). The medium was adequately moistened and the seeded trays were kept for 4 weeks in a dark cool-room at 10°C. The trays were transferred to a greenhouse and grown under constant temperature of 25°C during the day (6:00-18:00) and 15°C at night (18:00-6:00) for 7 weeks in order to promote bolting and flowering of the plants.
General planting methods
Ten seedlings were planted in a plant box (60 cm long × 18 cm wide × 15 cm deep) filled with a medium comprising a 5 : 2 : 2 : 1 ratio of paddy soils (Chikushino, Fukuoka, Japan), Metro-mix 350, leaf molds (Hayashi Engei Shizai Co., Okayama, Japan), and bora-sands (Midori Sangyo Co., Fukuoka, Japan), respectively. The mix in each plant box contained 30 g delayed-release fertilizer (N : P 2 O 5 : K 2 O = 13 : 16 : 10, Long Total Kaki 1-gou, 100-day-type, Chisso Asahi Hiryo Co., Tokyo, Japan) and was irrigated once every morning by hand. The seedlings were grown in a greenhouse in which the ventilator was opened when the daytime air temperature exceeded 25°C. Experiment 1. Effects of night-break treatment using different types of light sources on growth and flowering characteristics of Eustoma Seeds of 'Double Pink' (Miyoshi Co., Yamanashi, Japan) were sown on April 25, 2006, and seedlings were subsequently planted in plant boxes, as described above, on July 11. After planting, the seedlings were grown under night-break treatment from 21:00 to 3:00 using four types of light sources: a color fluorescent lamp (Rtype) (FL20S·R/20; Matsushita Denco Co., Osaka, Japan); a bulb-type red-light fluorescent lamp (EFD13EL-DR-T); a bulb-type daylight fluorescent lamp (EFG25ED/20-ZG), and a red-light fluorescent lamp (FL20SRE-66/20; Toshiba Lighting and Technology Co., Kanagawa, Japan). The photosynthetic photon flux density (PPFD) of each light source was 5 μmol·m −2 ·s −1 at the top of the plant. The photon flux density at 660 and 730 nm of each light source was measured by a data logger (LI-1400, LI-COR Inc., USA) fitted with a Skye sensor (SKR 110, Llandrindod Wells, Powys, UK). The wavelength ranges of red and far-red light measured with the Skye sensor were 660 ± 30 nm and 730 ± 30 nm, respectively. Night-break treatment was applied from planting until appearance of the first flower bud on the main stem in each treatment. In the control, plants were grown under ambient daylight without night-break treatment. There were ten plants per experimental unit and three replications of time for each treatment. We recorded the date of flower budding, date of flowering (anthesis of the first floret), number of nodes, length of the main stem, cut flower length, number of lateral branches, and number of flower buds of diameter greater than 0.5 cm at the anthesis of the first floret, as well as each internode length on the main stem.
Experiment 2. Effects of night-break treatment using a color fluorescent lamp (R-type) or an bulb-type redlight fluorescent lamp on growth and flowering characteristics of three Eustoma cultivars Seeds of three Eustoma cultivars 'Double Pink', 'King of Snow', and 'Piccolosa Snow' (Sakata seed Co., Tokyo, Japan) were sown on May 22, 2006, and seedlings were subsequently planted in plant boxes, as described above, on August 7. After planting, the seedlings were grown under night-break treatment from 21:00 to 3:00 using a color fluorescent lamp (R-type), which had the highest R:FR ratio of the light sources used in experiment 1, or a bulb-type red-light fluorescent lamp, as fitted for practical lighting uses. The PPFD of each light source was 5 μmol·m −2 ·s −1 at the top of the plants. Night-break treatment was applied from planting until appearance of the first flower bud on the main stem in each treatment. As the control, plants were grown under ambient daylight without night-break treatment. There were ten plants per experimental unit and two replications of time for each treatment. We recorded the date of flower budding, date of flowering (anthesis of the first floret), the number of nodes on the main stem, stem length, and cut flower length at anthesis of the first floret.
Experiment 3. Effects of different lighting periods during
the night using a bulb-type red-light fluorescent lamp on growth and flowering characteristics of Eustoma Seeds of 'Double Pink' were sown on April 25, 2006, and seedlings were subsequently planted in plant boxes, as described above, on July 11. After planting, the seedlings were grown under long-day treatment using a bulb-type red-light fluorescent lamp under four lighting periods during the night as follows: pre-dawn lighting for 6 h (0:00-6:00); end-of-day lighting for 6 h (18:00-24:00); all-night lighting (18:00-6:00) or night break for 6 h (21:00-3:00). The PPFD of the bulb-type red-light fluorescent lamp was 5 μmol·m −2 ·s −1 at the top of the plants. Long-day treatment was applied from planting until the appearance of the first flower buds on the main stem in each treatment. In the control, plants were grown under ambient daylight without long-day treatment. There were ten plants per experimental unit and three replications of time for each treatment. We recorded the date of flower budding, date of flowering (anthesis of the first floret), and the number of nodes, length of the main stem, cut flower length, number of lateral branches, and number of flower buds of diameter greater than 0.5 cm at anthesis of the first floret.
Results
Experiment 1. Effects of night-break treatment using different types of light sources on growth and flowering characteristics of Eustoma The R:FR ratios of the red-light fluorescent lamp, color fluorescent lamp (R-type), bulb-type red-light fluorescent lamp, and bulb-type daylight fluorescent lamp were 62.0, 100.0, 8.8, and 8.5, respectively (Table 1) . Although the R:FR ratios of the bulb-type redlight fluorescent lamp and bulb-type daylight fluorescent lamp were similar, the photon flux density of red or farred light from the bulb-type red-light fluorescent lamp was higher than that of the bulb-type daylight fluorescent lamp.
The day length from planting date (July 11) to the date of first flower budding on the main stem (midAugust) ranged from 15 to 14 hours in this region. The mean budding date of plants grown under night-break treatment using each light source was 2-5 days later than untreated seedlings ( Table 2 ). The mean budding date of plants treated with the red-light fluorescent lamp was later than the other treatments and the color fluorescent lamp (R-type) significantly delayed flower budding compared with the bulb-type red-light fluorescent lamp or bulb-type daylight fluorescent lamp treatment. There was no significant difference in days from flower budding to flowering among all treatments (17-19 days). All light sources significantly increased Table 2 . Effects of night-break treatment using four types of light sources on growth and flowering characteristics of Eustoma grandiflorum 'Double Pink'.
z Number of flower buds whose diameter is over 0.5 cm. y Mean separation within the column by Tukey's HSD test, 5% level. the number of nodes by about one, compared with the control; however, there was no significant difference in the number of nodes among the light sources. With regard to cut flower quality, the cut flower length, number of lateral branches, and number of flower buds at anthesis of the first floret of plants grown under each light source were increased compared with those of the control. The color fluorescent lamp (R-type) with the highest R:FR ratio produced the best cut flower quality of all the light sources. The internode length of the main stem from the base to the sixth node at the anthesis of the first floret in all treatments (the control plants had only five nodes on the main stem) is shown in Figure 1 . Differences in internode length from the base to the third node between the night-break treatments and untreated control were insignificant. The fourth nodes in each night-break treatment, except the color fluorescent lamp (R-type), were significantly shorter than that of the control, and all light sources decreased the length of the fifth node compared with the control.
Experiment 2. Effects of night-break treatment using a color fluorescent lamp (R-type) or a bulb-type redlight fluorescent lamp on growth and flowering characteristics of Eustoma cultivars Characteristics of the spectrum distribution of the color fluorescent lamp (R-type) and the bulb-type redlight fluorescent lamp are shown in Figure 2 . The relative radiation strength of the color fluorescent lamp (R-type) ranged mostly from 600 to 700 nm and was poor in wavelengths from 400 to 600 nm and above 700 nm. In contrast, the bulb-type red-light fluorescent lamp has a wide radiation range from 400 to nearly 730 nm. The mean flowering dates of the control plants of 'Double Pink', 'King of Snow', and 'Piccolosa Snow' were September 25, September 26, and October 1, respectively (Table 3) . Night-break treatment using each light source delayed flower budding by 3-6 days and flowering by 3-7 days compared with the control in 'Double Pink' and 'Piccolosa Snow', whereas the mean budding date and mean flowering date of 'King of Snow' were not significantly different between night-break treatments and the untreated control. Night-break treatment using the color fluorescent lamp (R-type) and the bulb-type red-light fluorescent lamp significantly increased the number of nodes, stem length, and cut flower length compared with the control in all cultivars.
Experiment 3. Effects of different lighting periods during
the night using a bulb-type red-light fluorescent lamp on growth and flowering characteristics of Eustoma The mean budding date of plants grown under longday treatment was 2-6 days later than that of the control, depending on the lighting period (Table 4 ). The number of nodes in each long-day treatment increased by about one compared with the control, but there was no significant difference among the long-day treatments. All long-day treatments increased significantly the number of lateral branches, number of flower buds, the main stem length, and cut flower length at anthesis of the first floret, compared with the control. In particular, of all the treatments, cut flower length was longest in plants receiving pre-dawn lighting for 6 h.
Discussion
As an artificial technique for the production of ornamental cut flowers, long-day treatment has been applied to numerous long-day plants in Japan, including Ammi majus L. (Tsuchiya, 1991) , Bupleurum griffithii L. (Hara, 1993) , Campanula spp. (Moe et al., 1991) , and Consolida ambigua (L.) P. W. Ball & Heyw. (Doi, 1993) to promote the initiation of florets; to Delphinium spp. (Katsutani, 2002) , Nigella damascene L. (Matsui et al., 1996) , and Chrysanthemum parthenium L. (Tomita, 1993) to avoid rosette formation by plants in autumn and winter; and to Scabiosa caucasica Bieb. (Tanigawa, 1994) to develop longer stems. Eustoma grandiflorum has been given long-day treatment using incandescent lamps to promote flowering for winter and spring shipping (Islam et al., 2005; Ohkawa, 2003; Yamada et al., 2008a; Zaccai and Edri, 2002) .
Nowadays, the qualities of light sources used for longday treatment are of major interest in the field of horticultural science. We reported previously that the flowering of Eustoma plants can be promoted or delayed by long-day treatment (night break) using different types of light sources (Yamada et al., 2008b) . For winter and spring shipping, night-break treatment using a far-red fluorescent lamp, a plant-growth fluorescent lamp or an incandescent lamp with a low R:FR ratio of under 1.0 promoted anthesis of the first floret on the main stem, whereas a daylight-type fluorescent lamp with a high R:FR ratio of 5.0 delayed the onset of flowering as compared with ambient day length. There have been a few reports of long-day treatment using specific light sources delaying flowering and increasing stem length in horticultural crops. Hence, we considered that longday treatment using a light source with a R:FR ratio above 5.0 might delay flower bud formation, increase the number of nodes on the main stem, and consequently improve cut flower qualities for early-autumn shipping of Eustoma cultivars. On the basis of the experimental results above, the effects of long-day treatment on flower bud formation Table 4 . Effects of four different lighting periods during the night using a bulb-type red-light fluorescent lamp on growth and flowering characteristics of Eustoma grandiflorum 'Double Pink'.
z Number of flower buds whose diameter is over 0.5 cm. and cut flower quality were examined in experiment 1 using different light sources: the red-light fluorescent lamp and the color fluorescent lamp (R-type) possessed an extraordinarily high R:FR ratio (62.0 and 100, respectively), whereas the bulb-type red-light fluorescent lamp and the bulb-type daylight fluorescent lamp had a comparatively low R:FR ratio (8.8 and 8.5, respectively), as fitted for practical use. Night-break treatment using each light source significantly delayed flower budding compared to ambient day length. As night-break treatment with each light source increased the number of nodes by about one compared with the control, it is considered that night-break treatment using light sources with a high R:FR ratio above 8.5 delayed flower bud initiation. There might be a threshold R:FR ratio value at which light sources delay flower bud formation, as there was no significant difference in the number of nodes among the four light sources. The mean budding date under the red-light fluorescent lamp or the color fluorescent lamp (R-type) (i.e. an extraordinarily high R:FR ratio) was significantly delayed compared with that under the bulb-type red-light fluorescent lamp or the bulb-type daylight fluorescent lamp. It can be considered that light sources with a high R:FR ratio influence flower bud initiation and subsequent development until flower budding. Many reports have detailed the photoinhibition of flowering by red light. Brown and Klein (1971) reported that delayed floral induction of Arabidopsis plants occurred under continuous incandescent light lacking far-red wavelengths. Matthiola incana (L.) R. Br., grown under a high R:FR photon flux film during the day and irradiated with red light at night, flowered later than that grown under ambient daylight (Yoshimura et al., 2002) . Lin (2000) has described in detail that Arabidopsis plants grown under continuous light with a high R:FR ratio (i.e. poor in far-red light) flowered later than plants grown under light with a low R:FR ratio (i.e. rich in farred light). From the findings described above, it is necessary to clarify what delays flowering in Eustoma plants with using specific light sources as the primary factor; a high R:FR ratio, a high red light integral, a low far-red light integral, or the combinations previously stated. In connection with the relationship between flowering of plants and physiological mechanisms, Thomas and Vince-Prue (1997) reported that flowering time was affected by the complexity of phytochrome systems and rhythmic responses (i.e. circadian rhythms) associated with photoperiodic changes.
Each light source increased the number of nodes on the main stem, as well as the stem length and final cutflower length in experiment 1. In regard to stem length, Kigel and Cosgrove (1991) reported that stem elongation of Pisum sativum L. was inhibited by blue and red light, and red light inhibited elongation mainly by reducing the cell wall yield coefficient. In the experiment in which the R:FR ratio was changed, stem elongation of Pisum sativum L. was affected by phytochrome activity (Behringer et al., 1990) , and the logarithm of the stem elongation ratio changed linearly by the light-equilibrium state of the phytochrome (Wareing and Phyllips, 1989) . Moreover, Folta (2004) described in detail the growth promotion of the facultative long-day plant, Arabidopsis thaliana L. Seedlings grown under green, red and blue light in combination had longer stems than those grown under red and blue light alone, and genetic analyses indicated that cryptochrome or phototropin photoreceptors did not participate but that the major phytochrome receptors influenced stem elongation. In our experimental results, night-break treatment using light sources with a high R:FR ratio induced the reduction in the internode length of Eustoma plants compared to the controls. On the other hand, the effect of light sources on stem elongation was not necessarily in proportion to the impact on flower budding in these experiments. It is assumed that the physiological system affecting stem elongation is mainly phytochrome substances, whereas flower bud formation is influenced by phytochrome, cryptochrome or other photosensitive receptors. Zaccai and Edri (2002) reported that the photoperiod affected the floral transition stage (sepal primordia) of Eustoma plants. We previously confirmed that nightbreak treatment using incandescent lamps had no effect on the period from flower budding to flowering, but rather the period from planting to flower budding of Eustoma plants for winter and spring shipping, and furthermore, that night-break treatment from planting until pistil formation was most effective to promote flowering (Yamada et al., 2008a) ; however, it can be concluded from our experiments that long-day treatment using red light with a high R:FR ratio affected the period from flower bud differentiation until flower budding.
Three Eustoma cultivars ('Double Pink', 'King of Snow', and 'Piccolosa Snow') planted on August 7 were subjected to night-break treatment using two types of light sources in experiment 2. Both light sources increased the number of nodes on the main stem and increased stem length compared with the controls. The mean flower budding date and mean flowering date of 'King of Snow' were not significantly different among the treatments. The stem length and cut flower length of 'Double Pink' were longer under the color fluorescent lamp (R-type) than under the bulb-type red-light fluorescent lamp, whereas those of 'King of Snow' and 'Piccolosa Snow' under these two lamps were not significantly different. Judging from these results, the responses of flower bud formation and stem elongation with night-break treatment using these two light sources might differ in the same manner as experiment 1. Furthermore, the effects of long-day treatment might vary between specific cultivars of Eustoma. Confirmation of the effects of long-day treatment on the growth and flowering of various types of Eustoma cultivars is needed.
We examined more thoroughly the effects of four different lighting periods using the bulb-type red-right fluorescent lamp in experiment 3. The mean budding date of the plants was latest under all-night lighting. Long-day treatment increased the number of nodes on the main stem, number of lateral branches, number of flower buds, stem length of the plants, and cut flower length, and consequently improved the cut flower quality, regardless of the lighting period. It is considered that the greater delay in flowering under all-night lighting reflects the longer duration of irradiation during the night. The number of lateral branches was increased by the inhibition of the terminal flower bud formation under long-day treatment, so consequently the number of flower buds might be increased. Cut flower length was longest in plants receiving pre-dawn lighting for 6 h. Concerning this effect of red light, in Fuchsia hybrida 'Lord Byron', irradiation with red light 4-5 h after the onset of darkness resulted in longer internodes than in short-day controls (Vince-Prue, 1975) . It is presumed that the starting time of irradiation after the onset of darkness might be important, because pre-dawn lighting started from 0:00, i.e. 5 h after the onset of darkness, which was the most effective for maximizing cut flower length in this experiment.
In the present study, we developed a new technique for long-day treatment of the horticultural crop Eustoma grandiflorum using light sources with a high R:FR ratio. To avoid the reduction of cut flower quality under the high irradiation and temperature prevailing during the growing period from June to August, long-day treatment using a bulb-type red-light fluorescent lamp from 0:00 to 6:00 in the period from just after planting until flower budding is most effective to improve cut flower quality for early-autumn shipping of Eustoma cultivars. It also delays flower bud formation and increases the number of nodes, and consequently increases the cut flower length. Development of a new electric bulb-type fluorescent lamp with a high R:FR ratio could be the subject of a future study.
